With the interconnection of large-scale wind power, the sub-synchronous oscillation (SSO) which is mainly analyzed by the local small-signal method occurs in many power grids. This paper presents the phenomenon of the sub-synchronous band oscillation (SSBO) of the doubly-fed induction generator (DFIG) system due to limits, which belongs to global dynamics, and analyzes its relationship with certain limits from the viewpoint of non-smooth bifurcation, which can serve as one of the mathematical foundations of the SSBO. Specifically, the concept of non-smooth bifurcation, a power system interconnected with the DFIG and the related current limit (CL) of d-axis and q-axis in the outer power control loop (OPCL) of the DFIG's rotor side converter (RSC) are introduced first. Secondly, the SSBO phenomenon induced by the CL of d-axis and q-axis is presented. And then, the influence of one parameter on the SSBO is analyzed, such as the short circuit capacity, the fault grounding resistance and the PI parameters of the OPCL, which reveals the non-smooth bifurcation with respect to relative one parameter. Finally, on the plane, the non-smooth bifurcation characteristics of PI controller parameters in the OPCL are given, showing that the non-smooth bifurcation/SSBO may be associated with saturation of different limits.
I. INTRODUCTION
In recent years, renewable energy generation is developing rapidly. As wind power generation becomes one of the most mature and economical technologies, the wind turbines are installed a lot.
However, interconnection of the wind turbines and the power grid also brings a series of safety and stability problems, among which the SSO is particularly prominent [1] . For example, in the Texas Power Grid interconnected with the DFIG wind farm, line faults caused serious sub-synchronous resonance (SSR), thus resulting in disconnection and crowbar circuits damage of some DFIGs [2] . In Buffalo Ridge, Canada, sub-synchronous resonance of 9-13Hz between the wind generators and the system connected through a series compensated line, was caused by a routine switching event [3] . In the Guyuan Power Grid in North China, interconnected with the 3000MW wind-farm base by the The associate editor coordinating the review of this manuscript and approving it for publication was Mouloud Denai . end of 2012, a series of SSR events happened and even resulted in disconnection of the wind turbines [4] . In Xinjiang Power Grid in Northwest China, interconnected with the over 3000MW wind-farm base in the beginning of 2015, largescale SSO events occurred and excited severe shafting torsional vibration in thermal generators, resulting in the trip of three thermal generators and 1400 MW load loss [1] . As the SSO occurs in a lot of power systems interconnected with wind power, it has received extensive attention.
Currently, a lot of achievements have been made in the mechanism and analysis methods for the SSO related to wind turbine generators (WTGs) [4] - [25] , and the existing SSO analysis methods mainly include the impedancebased method [5] - [13] and the eigenvalue-based analysis method [4] , [14] - [17] . The impedance-based method has certain advantages as it can judge the stability of the system by simply utilizing the external characteristics of the WTG and the grid [5] . Impedance modeling can be divided into sequence impedance modeling [6] and synchronous reference frame (SRF) modeling [7] . Refs. [8]- [10] uses the Nyquist criterion to analyze the coupling mechanism between the converter and the grid. Refs. [11] , [12] indicates the physical explanation of the SSO, i.e., the WTG exhibits negative resistance-capacitance characteristics in the sub-synchronous frequency band, and forms a negatively damped oscillation circuit with the grid inductive reactance. To overcome the disadvantage of the above impedance-based method, which generally cannot offer the exact damping and frequency of the SSR, Ref. [13] considers the full-scale controller models of the DFIG, and proposes an aggregated RLC circuit to calculate damping and frequency of the SSR.
The eigenvalue-based analysis method is used to analyze the unstable oscillation modes of the system by the eigenvalues, and characterize the interaction between the devices through the participation factors which depend on the detailed models and parameters of the grid and the converter. Refs. [4] , [14] use the eigenvalue-based method to analyze the induction generator effect (IGE) risk of the DFIG system, considering that IGE is independent of the mechanical part of the system and is a kind of pure electrical resonance in which the controller participates. Ref. [15] analyzes multiple sub-synchronous modes of networks with both multiple series-compensated lines and DFIG wind farms. Ref. [16] analyzes the sub-synchronous interaction (SSI) of the system through the analysis of participation factors, and proposes a mitigation measure of the supplementary damping control signal. Ref. [17] analyzes the influence of wind speed, series compensation level and current loop gain on IGE and torsional interaction (TI) by eigenvalue calculation. The above references assume that the system has a natural oscillation mode in some frequency bands, which refers to the mode determined by the system eigenvalue after the linearization of the system dynamics equation. If the real part of the eigenvalue is negative, the oscillation may occur. In general, the wind turbines interacting with weak AC grids or other power electronics may engage this characteristic and result in oscillations due to insufficient damping.
In addition, Refs. [18] , [19] analyzes the influence of openloop mode resonance caused by phase locked loop (PLL) on the SSO damping and reveals the dynamic interaction mechanism between permanent magnet synchronous generator (PMSG) and synchronous generator (SG). Ref. [20] uses the complex torque coefficient method to explain the sub-synchronous resonance of the series-compensated DFIG system.
It is worth noting that most of the current oscillation analysis work is based on the small-signal analysis model, but the large-scale dynamics is ignored due to some nonlinear factors, such as current limits for the sake of preventing overheating of the device.
In fact, the global dynamics of the system may have a lot to do with the non-linear aspects of the system [21] . One of the large-scale dynamics is the oscillations induced by the limits, which has been reported in power systems [22] - [31] . For example, Refs. [22] , [23] presents the oscillation in a singlemachine infinite-bus system caused by the excitation limit.
Ref. [24] points out that the system will produce a stable limit cycle (an undamped oscillation), when the limiting action of the reheated steam turbine works under large disturbance. Ref. [25] explores the low-frequency oscillation related to the limits by using the non-smooth bifurcation theory. Ref. [26] analyzes the ultra-low frequency oscillation caused by the limits.
On the other hand, there are many limits in the WTG control system, especially the DFIG [27] , [28] , such as the pitch angle limit and the speed limit in the mechanical module, and the voltage limit, the current limit and the active or reactive power control in the RSC and grid side converter (GSC). Some limits indicate the capacity limitations of the actual equipment which can protect it while some limits reflect certain constraints in the control system.
The limits may also induce the oscillation in the power systems interconnected with wind power generation. However, in the available literatures, few references focus on the impact of limits on the dynamic characteristics of power systems interconnected with wind power generation. For example, Ref. [29] discusses the effect of the converter and pitch angle limit on the dynamic characteristics of the system. Ref. [30] analyzes the effect of the limit on the DC voltage. Ref. [31] discusses the impact of the limit on the steady-state output of the DFIG in the fault-on period. But there is no report focusing on the oscillations induced by the limit in the power systems interconnected with wind power generation..
On basis of recognizing the above problems, this paper presents the oscillation phenomenon in the power system interconnected with the DFIGs, induced by the limit in the DFIG, and analyzes it with non-smooth bifurcation.
The contributions of this paper are as follows.
(1) The phenomenon of sub-synchronous band oscillation (SSBO) induced by limits in the power system interconnected with the DFIGs is presented.
(2) The non-smooth bifurcation characteristics of the limitinduced SSBO with respect to short-circuit capacity, fault grounding resistance and PI control parameters are discussed.
(3) A new mathematical mechanism of the SSBO from the perspective of non-smooth bifurcation is revealed.
The rest of this paper is organized as follows. In Section II, the concept of the non-smooth bifurcation theory is introduced. In Section III, the model of the power system interconnected with the DFIG wind farm and the related current limits in the out-put power control of the RSC, built in the DIgSILENT, are briefly described. In Section IV, the SSBO phenomenon and its relationship with limits are preliminarily analyzed. In Section V, the occurrence of the limit-induced SSBO(non-smooth bifurcation) with respect to one parameter is discussed, including short circuit capacity(indicating the strength of the external power grid), the fault resistance and the PI control parameters of the active power loop in the RSC. In Section VI, the non-smooth bifurcation region in the PI parameters plane is presented. Finally, conclusions and discussions are presented in Section VII. 
II. NON-SMOOTH BIFURCATION AND OSCILLATION INDUCED BY LIMITS
This section introduces the theory of oscillation resulting from the limiting saturation from the viewpoint of nonsmooth bifurcation, i.e., the existence of the switching interface(limiting saturation) leads to the stable limit cycle in the non-smooth system. Mathematically, a differential dynamical system with limits is a non-smooth system (e.g., a switched differential dynamical system). For the non-smooth system, due to its limits or switching interface, its dynamic characteristics can be very complex. The limits may result in the divergent or stable continuous oscillation in the locally stable non-smooth systems. For example, a single-machine infinite-bus system considering the limit of the excitation system will have stable continuous oscillation induced by limits(Hard-limit induced Oscillation) [20] - [23] . From the viewpoint of bifurcation, the above-mentioned continuous oscillation characteristics are also related to the non-smooth bifurcation (bifurcation of the non-smooth system). The non-smooth bifurcation mainly contains two types. One is the Corner-collision Bifurcation, and the other is the Grazing Bifurcation, as shown in Figure 1 .
According to the change of parameters, the dynamic of the trajectory will change. For the Corner-collision Bifurcation, the trajectory will pass the switching surface and a limit cycle may occur with certain parameter, as shown in Fig.1(a) . For the Grazing Bifurcation, under certain parameter, when the trajectory tangentially hits with the switching surface, it will remain in the switching surface for a while and then leave the surface and form a limit circle, as show in Fig.1(b) . Furthermore, at the point of hitting (P 1 in Fig.1(b) ), the trajectory is continuous but not smooth.
In addition, in the case of the above limit cycle induced by the limits being stable (it can be justified by the Poincare mapping, i.e., the Poincare mapping has a fixed point where all the amplitudes of the eigenvalue are less than 1[32]), the system will exhibit stable oscillation. Remark 1: The oscillation induced by limits is different from that induced by negative damping, because it is a largescale (even global) oscillation, i.e., the non-smooth bifurcation is a bifurcation of large-scale dynamics, while the negative damping oscillation is a local oscillation, generally corresponding to the Hopf bifurcation of the local equilibrium point. Therefore, the applicability of the traditional smallsignal analysis methods near the equilibrium point, such as the root-locus method and the Lyapunov first method, is questioned.
Remark 2: The oscillation induced by the limits results from the dynamic behavior of the system when the motion trajectory of the system intersects with the switching surface of the limit under some large disturbance. So it is related to the switching surface or the limit. In general, the frequency of limit-induced oscillation is different from that of the natural mode, but it may be near or equal the frequency of the natural mode.
III. SIMULATION MODEL AND LIMITS
This section presents the simulation model and related limits to introduce the phenomenon of the SSBO induced by the limits.
A. POWER SYSTEM WITH DFIGS
The structure of the power system interconnected with the DFIGs wind farm used in this paper is shown in Figure 2 , which is built in the DIgSILENT. It is the simplified model for the interconnected system of four wind farms located in the southwest China.
In Fig.2 , there are four DFIG wind farms containing 16 DFIGs, i.e., wind farm G1 and G4 each contain 6 * 1.5MW DFIGs respectively, and windfarm G2 and G3 each contain 2 * 1.5MW DFIGs. The parameters of the DFIG are listed in Table 1 .
The parameters of transformers and lines are listed in Table 2 and Table 3 . In the simulation, the short circuit capacity of the external power grid is 200MVA. The output of G1 and G4 is 6.6183MW and 1.971MW respectively; and the output of G2 and G3 is 1.1719MW and 1.3892MW respectively.
B. LIMITS IN THE CONTROLLER IN RSC OF DFIG
The characteristics of the DFIG output are mainly determined by the controller in the power converter. This subsection presents the limits in the controller of the converter which plays an important role in the SSBO.
The RSC of the DFIG, its outer power control loop contains two PI controllers, i.e. the active power (or d-axis) and reactive power (d-axis) PI controller, as shown in Figure 3 . The active power PI controller contains the active power limit and the d-axis current limits (CL) while the reactive power PI controller contains the reactive power limit and the q-axis CL. The settings of the limits are as follows. The controllers of the DFIG are used to maximize the active power, (i.e., the i rqref = 0), thus, the d-axis CL may be easily saturated.
IV. SSBO INDUCED BY LIMITS IN THE DFIG
This section presents the phenomenon of the subsynchronous band oscillation(SSBO) of the system due to limits.
In the simulation, a three-phase short circuit at bus MV2 with the fault grounding resistance of 0 occurs at 0.5 s. By assuming that the Crowbar is not triggered, then, the phase current and active power amplitude of the G1 unit with and without the CL are shown in Figure 4 . Figure 4 shows that, when there is d/q axis-CL in the G1, the system will experience continuous oscillation during the fault (the red line). The oscillation weakens at the initial stage of the fault and eventually forms a stable one. However, if there is no d/q axis-CL in the G1, the system will be stable (blue line). Thus, the oscillation is directly related to the a/q-axis CL, and it is a limit-induced oscillation.
Furthermore, the spectrum analysis of the active power of G1, as shown in Figure 5 , indicates that the active power contains a sub-synchronous component of 28 Hz, whose magnitude is much larger than that of 0Hz, that is, a subsynchronous frequency band oscillation occurs in the fault.
In addition, the phase portrait of i dref -P ref during the fault can be obtained, as shown in Figure 6 , which can form a stable limit cycle containing two non-smooth points, i.e., point A1 and A2 at i d = 1.1, indicating the role of d-axis CL in oscillation. The analysis also shows that, for the limit cycle, the state of i rqref is unchanged, i.e., i rqref = i rqmax . Therefore, this oscillation is an oscillation induced by the d-axis CL and q-axis CL.
Remark 3: In this paper, the frequency of the oscillation due to limits belongs to the sub-synchronous band. In fact, the frequency of oscillation can be arbitrary. Therefore, the range of oscillation frequency due to limits is wide, and the limitinduced oscillations can be wide-band ones.
V. NON-SMOOTH BIFURCATION WITH RESPECT TO ONE PARAMETER
This section presents the impact of different parameters on the existence and characteristic of the oscillation induced by the limits, i.e., dynamic changes from the viewpoint of nonsmooth bifurcation with respect to one parameter, including the short-circuit capacity (SCC) of the external power grid(i.e., the strength of the interconnected power grid), the fault grounding resistance and the different PI parameters of the active control loop. In addition, according to the characteristic of the SSBO, the frequency and magnitude are focused.
A. THE SHORT-CIRCUIT CAPACITY
As the operation point of the power system changes according to the strength of the external power grid, the different SCC of the external power grid is considered in this paper. Namely, SCC = 200MVA, 150MVA, and 120MVA, then, the phase portraits of i dref -P ref under different SCC can be obtained, as shown in Figure 7 . Furthermore, the corresponding frequency and amplitude of oscillation are shown in Table 4 . Figure 7 and Table 4 show that when the SCC of the external grid increases (the grid becomes stronger), the limit cycle (sub-synchronous band oscillation) due to CL still exists, and the oscillation amplitude increases, but the frequency decreases.
Furthermore, the simulation shows that, when SCC> 210MVA, (i.e., the external power grid is strong enough), the osc illation caused by the CL disappears, i.e., the system trajectory returns to a stable equilibrium point, as shown in Fig.7 , when SCC = 220MVA. It is certain that the CL is not triggered, because the interconnected power grid is strong enough. Thus, from the viewpoint of non-smooth bifurcation, the system experiences a non-smooth bifurcation with respect to short-circuit capacity of the external power grid, i.e., if the SCC of the external power grid becomes smaller (i.e. the interconnected power grid becomes weaker), the SSBO will occur.
Remark 4: The SCC will impact the parameter of the faulton system, but not the initial state of it.
B. THE FAULT GROUNDING RESISTANCE
The fault grounding resistance varies at different faults, so different fault grounding resistance is considered in this paper. Namely, the dynamic of the system of the fault grounding resistance R of 0 and 0.06 is shown in Figure 8 and Table 5 . Figure 8 and Table 5 show that when the fault grounding resistance R is less than 0.06 , as R increases, the sub-synchronous frequency band oscillation in the fault decreases, and the amplitude of the oscillation increases.
Furthermore, the simulation shows that when R > 0.07 , the oscillation caused by the current limit disappears, and the system trajectory returns to a stable equilibrium point, as shown in Fig.8 when R = 0.1 . This is because the CL is no longer triggered as the fault disturbance becomes weak.
Thus, from the viewpoint of non-smooth bifurcation, the system experiences a non-smooth bifurcation with respect to the grounding resistance, i.e., with the reduction of the grounding resistance, the system converts from no oscillation to oscillation induced by the CL.
Therefore, the CL is one of the causes of the SSBO in the fault. And one of the mechanisms where the system experiences sub-synchronous band oscillations is non-smooth bifurcation.
Remark 5: The fault grounding resistance will impact the initial state of the fault-on system.
C. PARAMETERS OF PI CONTROLLER
PI parameters in the outer active power control loop of the RSC are considered (as shown in Fig.3 ). The i dref -P ref phase portraits of the SSBO due to limits at different parameters can be obtained, as shown in Figure 9 and Table 6&7 . Fig.9 and Table 6&7 show that within the certain range, as K p decreases, the limit cycle caused by the d-axis CL and q-axis CL in the fault shrinks, the oscillation frequency increases, and the oscillation amplitude decreases. As T p increases, the amplitude of the oscillation is basically unchanged, and the oscillation frequency increases.
Furthermore, the simulation shows that when Kp > 5 or Tp<0.08, the oscillation caused by the CL of the RSC disappears, and the system trajectory returns to a stable equilibrium point, as shown in Fig.9 , when Kp = 8 and Tp = 0.05. So control parameters of the active power loop also have bifurcation characteristics.
VI. NON-SMOOTH BIFURCATION WITH RESPECTED TO PARAMETERS OF PI CONTROLLER
This section analyzes the non-smooth bifurcation characteristics with respect to two parameters, i.e., bifurcation in a planar region.
The parameters considered in this section are Kp and Tp, which are the PI parameters in the RSC outer active power control loop (as shown in Fig.3 ). In the analysis, the SCC of the external grid is set as 200 MVA, and the fault grounding resistance is 0 . With the above condition, the bifurcation region/boundary in the plane can be obtained, as shown in Figure 10 .
As shown in Fig.10 , in the region A, the CL of the RSC is not saturated during the fault, and there is no oscillation. In the region B and region C, the CL of the fault is saturated, and the SSBO induced by the limit occurs.
Furthermore, in region B and region C, the SSBO is different. In the region B, the i rdref and i rqref limit are saturated. The oscillation (the red limit cycle) is induced by d-axis CL and q-axis CL and it has non-smooth points (B1 and B2), as shown in Figure 11 (K p = 4 and T p = 0.1). While in the region C, the i rdref limit no longer works, but i rqref is saturated, i.e., the oscillation (the blue limit cycle) is only induced by the q-axis CL, as shown in Fig.11 (Kp = 2,Tp = 1).
Therefore, the occurrence of the SSBO is the result of the action of the d-axis CL and q-axis CL, and furthermore, the q-axis CL may play a major role.
Thus, from the viewpoint of non-smooth bifurcation, the system experiences a non-smooth bifurcation with respect to changes of PI parameters from one region to another. However, the dynamic change is quite complicated and beyond the scope of this paper.
VII. CONCLUSIONS AND DISCUSSIONS
This paper presents the phenomenon of the sub-synchronous frequency band oscillation due to limits in a DFIG power system, and it reveals that the non-smooth bifurcation with respect to certain parameter can be one of the mathematical mechanisms for the occurrence of sub-synchronous frequency band oscillation. Furthermore, it shows that (1) If the SCC of the external grid becomes smaller(the external power grid becomes weaker), the fault grounding resistance decreases, the DFIG may trigger the CL and the sub-synchronous frequency band oscillation occurs in the fault, that is, there is non-smooth bifurcation corresponding to the SCC of the grid, and the fault grounding resistance occurs.
(2) There are some non-smooth bifurcation phenomena corresponding to the PI parameters in the outer active power control loop of the RSC.
(3) Within the certain range, as the grid becomes stronger, the fault grounding resistance increases, K p increases in power control, the amplitude of the oscillation increases, and the oscillation frequency decreases.
(4) For the proposed system, different limits may be saturated due to different parameter values, resulting in different characteristics of the SSBO.
On the other hand, what is shown in this paper is the presentation of the phenomenon and lack of accurate mathematical analysis. In the future, it is necessary to combine the mathematical model and the serious non-smooth bifurcation theory to analyze the correspondence and physical meaning between sub-synchronous band oscillation and non-smooth bifurcation caused by limits.
